During the ongoing differentiation in the developing cortex, ovigerous cords and different follicle stages in bovines, as in several other mammalian species, are seen; primordial follicles can prenatally start to grow and differentiate into primary, secondary, and even tertiary follicles. All of these later follicle stages become atretic before birth [Mauleon, 1969; Motta et al., 1997; Rüsse and Sinowatz, 1998; Tanaka et al., 2001; Sawyer et al., 2002; Fortune, 2003; Kenngott et al., 2013] .
Numerous marker proteins for tissue organization and differentiation during this differentiation of the ovary have been described in the literature: intermediate filaments (IF) are involved in the loss of a gap junction and indirectly influence the renewal of meiosis. Furthermore, IF, together with microfilaments and microtubules, establish the cytoskeleton [Gall et al., 1992] . Generally, IF can be divided into the following distinct classes: desmin, vimentin, cytokeratins, glial filaments, and neurofilament proteins [Lazarides, 1980; Franke et al., 1982; Gall et al., 1992 ; reviewed in Steinert et al., 1984] . IF are a part of different cell types. Therefore, each IF group is characteristic of certain tissues: cytokeratins are typical of epithelial cells, vimentin is typical of mesenchymal cells, desmin is typical of a myogenic origin, and glial filaments and neurofilament proteins are typical of different parts of the nervous system [Franke et al., 1979 Lazarides, 1980; Moll et al., 1982; Steinert et al., 1984; Lazarides und Balzer, 1987; Aumuller et al., 1992; Gall et al., 1992; Karlson et al., 2005] . IF probably contribute to different intercellular/nuclear functions and interactions [Lazarides, 1980; Goldmann et al., 1986; Aumuller et al., 1992; Gall et al., 1992] . Moreover, the immunohistochemical expression pattern of the various IF groups is a useful method for comprehension of the biology and neoplastic tissue histology identification [Gabbiani et al., 1981] . Mostly single cell types and their descending neoplasms express or coexpress single or more specific IF [Miettinen et al., 1984; Gould, 1985; McNutt et al., 1985; Viale et al., 1988] .
Cytokeratins comprise a prominent class of IF proteins and are divided into 2 classes: class I, i.e. the acid Ks (K9 to K20), and class II, i.e. the basic or neutral Ks (K1 to K8) subfamilies reviewed in Moll et al., 1982] . Jackson et al. [1981] demonstrated Ks during embryogenesis. In the fetal and adult ovary, expression of Ks has been described in various manners in structures like surface epithelium cells, the cords, and primordial follicles as well as in the rete ovarii of different species [Czernobilsky et al., 1985; Santini et al., 1993; van den Hurk et al., 1995; Wendl et al., 2012] . Furthermore, Kpositive corpus luteum cells have been detected in bovines [Ricken et al., 1995] .
In general, vimentin is a marker for mesenchymal cells [Franke et al., 1978; Karlson et al., 2005] but also for nonmesenchymal cells [Franke et al., 1979] . In the adult ovaries of the rat and the pig, vimentin expression is present in endothelial, granulosa, and stroma cells [Czernobilsky et al., 1985] . van den Hurk et al. [1995] described a positive vimentin reaction in cortical cord epithelium cells and in the granulosa cells of bovine fetal ovaries primary to antral follicles.
During the indifferent bovine ovary development stages, between days 30 and 64 of gestation, development PGC migrate from the yolk, hindgut, and dorsal mesentery into the genital ridge [Rüsse and Sinowatz, 1998 ]. Many studies have described the expression of pluripotent stem cell markers during early germ cell development to identify the pluripotent nature of these cells: Wrobel and Suss [1998] identified PCG based on the alkaline phosphatase (AP) activity, and Kerr et al. [2008] described, among others, a positive expression pattern for AP, OCT4, and VASA in PGC and oogonia during human ovary development. S100 expression has been further described in the oocytes of different follicle stages of prenatal ovary phases [Haimoto et al., 1987; Kenngott et al., 2013] or in corresponding granulosa cells [Haimoto et al., 1987; Mirecka et al., 1994] . Kenngott et al. [2013] presumed that an 155 S100-positive reaction in oocytes combined with Ki67-positive granulosa cells could be a useful marker for intact oocytes in bovine ovaries. Vanstapel et al. [1986] supposed that S100 expression varies with the use of different mono-or polyclonal antibodies. Laser-assisted microdissection (LAM) has been used in numerous studies to isolate specific cell populations without contaminating the surrounding cells [Gjerdrum and Hamilton-Dutoit, 2005; Murray, 2007; Kenngott et al., 2011] . Murray [2007] described an effective method to obtain tissue cells using LAM. The procedure of isolation of total RNA from paraffin-embedded formalin-fixed tissue has been described in earlier studies [Abrahamsen et al., 2003; Lehmann and Kreipe, 2006; Kenngott et al., 2011] .
In a prior study, Kenngott et al. [2013] described important steps of the developing prenatal ovary as well as morphological criteria for the different cell populations in the bovine prenatal ovary. The aim of our present study is to investigate more closely the expression pattern of IF [cytokeratins (keratins; Ks): K5, K7, K8, K14, K18, K19, and vimentin] in different compartments of the fetal bovine ovary (surface epithelium, germ cell cords, follicular cells, and stromal cells of the cortex and medulla) using immunohistochemical techniques. Germ cell differentiation was analyzed using antibodies against potential germ cell markers [alkaline phosphatase, intestinal (ALPI), OCT4, DDX4 (VASA), S100 alpha, and S100 beta]. Additionally, the expression of the corresponding mRNA was evaluated in specific cell groups, which were microdissected from the fetal bovine ovary and detected by RT-PCR.
Materials and Methods

Tissue Samples and Preparation
The procedure for fetus collection, cutting, fixation, and preparation was as described in our previous papers [Kenngott et al., 2010 [Kenngott et al., , 2013 , with modification of the methods described by Mulisch and Welsch [2010] : 'in brief, ovaries from bovine fetuses of different developmental stages [crown-rump length (CRL) range 11.0-94.0 cm] were removed and cleaned of surrounding tissues within 10 min after slaughter. Fetuses with a CRL below 2.5 cm were fixed in toto in Bouin's solution [Mulisch and Welsch, 2010] or 3.7% phosphate-buffered formalin [Mulisch and Welsch, 2010] for 12 h. Fetuses exceeding this length were cut at the level of the cuboidal joint as described in a previous study [Kenngott et al., 2013] . The liver, intestines, and limbs were removed from the caudal half of the fetus. The remaining specimens were fixed in Bouin's fluid or 3.7% formalin for up to 48 h. Fetuses with a CRL of more than 10.0 cm had their ovaries dissected additionally and fixed again like the tissue above for the same period of time as described in the studies of Sinowatz [2007, 2008] and Kenngott et al. [2013] . After fixation, each sample was dehydrated (graded series of alcohols) and then embedded in paraffin. Serial sections (5 μm) were cut using a Leitz microtome (Typ1516; Leitz GmbH, Wetzlar, Germany). The fetuses and ovaries used in this investigation showed no anomalies morphologically. Using tables from the study of Rüsse and Sinowatz [1998] , gestational age was calculated based on the measured CRL of the fetuses.'
Immunohistochemistry
Immunohistochemistry was performed according to protocols (modified for the antibodies used and according to the methods of Mulisch and Welsch [2010] ) and Noll and Schaub-Kuhnen [2000] , and these were previously used and described in studies of the prenatal bovine genital tract Sinowatz, 2007, 2008; Kenngott et al., 2013] . Additionally, mostly the same tissue blocks as in an earlier study [Kenngott et al., 2013] were used. 'Briefly, serial 5-μm sections were mounted on APES (amino pro pyl trie thoxysilane)-coated slides (SupraFrost Ultra Plus; Menzel-Gläser, Braunschweig, Germany). The slides were dried overnight at 37 ° C, dewaxed, and rehydrated in a series of alcohols of decreasing concentrations. After incubation with proteinase XXIV 0.1% (P8038; Sigma) for 15 min, the sections were washed with PBS buffer, pH 7.4. Additionally, endogenous peroxidase activity was blocked with 0.1% H 2 O 2 at room temperature for 10 min. Dako Protein Block Serum-Free was applied for 20 min to reduce nonspecific antibody binding, and sections were then rinsed in PBS (3 × 5 min). As described by Noll and Schaub-Kuhnen [2000] , incubation was processed in humid chambers at a temperature of 4 ° C using the ABC technique. The polyclonal and monoclonal antibodies used as primary antibodies are listed in table 1 . After incubation with the secondary antibody, the slides were washed with PBS (3 × 5 min) followed by a visualization procedure using DAB (diaminobenzidine) for 5-10 min. To stop the reaction, sections were then thoroughly washed in distilled water. Then, the slides were slightly counter-stained with hematoxylin (30 s).
For negative controls, the specific primary antibody was replaced by buffer (Dako, Hamburg, Germany). Positive controls were prepared on tissues with known specific immunostaining for the respective antibodies used in this study.'
Preparation of Tissue for LAM
LAM preparation and procedure were done employing the technique also described by Kenngott et al. [2010 Kenngott et al. [ , 2011 , and as described by the information of Zeiss (Munich, Germany), performed in relation to the prenatal ovary tissue. A PALM MicroBeam laser system (Zeiss, Munich, Germany) was used, consisting of an inverted microscope (Zeiss Axio Observer) equipped with ×5, ×10, ×20, ×40, and ×63 objectives and operated with a motorized stage and a 'cold' solid-state UVA laser. For the preliminary histological evaluation, tissue sections (10, 20, 30, and 40 μm) were stained with hematoxylin (Mayer's hematoxylin; Sigma). Ovary sections of 40 μm could be clearly evaluated using all objectives ( fig. 1 ).
LAM Procedure
The LAM procedure is shown in figure 1 a-h. In this study, microdissection was carried out using ×10 or ×20 objectives. Regions of interest of fetuses (with CRL of 29.2, 44.8, and 90.0 cm) were then located and manually outlined on a visual display unit. Using the provided software, the microscope was directed to the specified ar-156 eas to collect the previously delineated regions. A fine-tuned 355-nm pulsed UVA laser cut the cells of interest out of the surrounding tissue. The isolated cells were retrieved using a noncontact collection method, ejecting cells of each area into a separate overlying receptacle (cap of a 0.5-ml Eppendorf tube with a depressed lid, PALM MicroBeam; Zeiss). The cell number of each tissue compartment of the fetal ovaries (surface epithelium, germ cell cords, stroma of the medulla, rete ovarii, oocytes, and granulosa cells) was equalized by harvesting an area of ∼ 10 6 μm 2 in each respective cap. A Zeiss AxioCam 1Cc1 was used to document the areas of the retrieved specimens of the sections before and after cell capture. The corresponding captured cells attached to the lids were also photographed.
RNA Extraction and cDNA Synthesis
Total RNA was isolated from microdissected FFPE tissue using an RNeasy FFPE Kit (Qiagen, Hilden, Germany). Initially, proteinase K was added to the tubes and incubation was performed for 24 h. The optimal RNA extraction procedure for FFPE microdissected tissue is described in the study of Kenngott et al. [2011] , and a short procedure is described in Kenngott et al. [2010] . 157 cDNA synthesis of the extracted total RNA elutes was carried out using a SuperScript cDNA Synthesis Kit (BioRad, Munich, Germany) according to the manufacturer's instructions. The absence of genomic DNA in each RNA sample was confirmed by a minus reverse transcriptase (-RT) control. The -RT control is a mock reverse transcription containing all of the RT-PCR reagents, with the exception of reverse transcriptase. The presence of an amplification product in the -RT control is therefore indicative of contamination of the DNA in the sample. The cDNA synthesis was in line with the procedure of earlier investigations [Kenngott et al., 2011] .
Primer Design
The primer design was carried out according to Kenngott et al. [2011] and Wendl et al. [2012] . mRNA sequences were retrieved from the National Center for Biotechnology Information (http:// www.ncbi.nlm.nih.gov/pubmed/ -nucleotide) for the following genes: K8, K14, K18, K19, vimentin, OCT4, DDX4 , S100 alpha, and S100 beta (listed in table 2 ).
Primer pairs were designed using the 'pick primers' option of the respective mRNA display (http://www.ncbi.nlm.nih.gov/nuccore) in order to simultaneously show the exon constellation of forward and reverse primers.
Primer pairs were chosen to generate RT-PCR products between 100 and 170 bp, as the RNA recovered from FFPE lasermicrodissected material was expected to be considerably fragmented. The bovine sequences used for the primer design are shown in table 2 (18S was used only as an internal system control). All primer pairs were designed in an intron-flanking fashion, with the intron forced to be larger than 1,000 bp, thus excluding the possibility of amplification of genomic DNA through our RT-PCR protocol. The primers were synthesized by MWG-Biotech (Ebers- a The incubation time and incubation temperature were 20 h and 4 ° C, respectively, for all antibodies. b The dilution, incubation time, and incubation temperature were 1:300, 30 min, and room temperature, respectively, for all antibodies. 5′aag ccg aga gca ctc tgc agt ct3′ 5′ggg cct gaa gct cct gga ttt cct3′ 150 NM_173969.3 S100 alpha (S100A1) 5′agg agc tga aag agc tgc tg3′ 5′tcc acc tct cca tct ccg tt3′ 118 NM_001099042.2 S100 beta (S100B) 5′agg tga caa gca caa gct g3′ 5′tgg aag tca cat tcg ccg tc3′ 150 NM_001034555.3 DDX4 5′ggc ttc atc gtc aga aat ggg 3′ 5′cca act cca aaa cca ccc ac3′ 150 NM_001007819.1 OCT4 (POU5F1) 5′cga agc tgg aca agg aga ag3′ 5′tgc ttt agg agc ttg gca aat 3′ 100 NM_174580.2 a According to Wendl et al. [2012] .
Kenngott /Sauer /Vermehren /Sinowatz 158 berg, Germany). The concentration of the primer sets was matched to 1.2 pmol/μl. To guarantee the specificity of each primer pair, the amplicons (produced by known positive tissue) were additionally sequenced by GENterprise (GENterprise GENOMICS, Mainz, Germany) and evaluated using a tool named FINCH, again linked to a BLAST search (www.ncbi.nlm.nih.gov/BLAST).
RT-PCR
Using specific primer pairs ( table 2 ) , sequences of the genes of interest were amplified by RT-PCR. The RNA quality of the isolated RNA was evaluated using the microfluid-based automated electrophoresis system Experion (BioRad). The exact procedure is described in the study of Kenngott et al. [2011] . Reaction volumes for a total of 15 μl/well were set up, containing 7.5 μl of EVAGreen master mix (BioRad), 3 μl of cDNA template, and 4.5 μl of primer pairs (0.4 m M primer, reverse and forward). Nontemplate controls were prepared with each primer pair by substituting the cDNA in the above setup with aqua distillate.
For the RT-PCR reaction, a CFY 96 cycler (BioRad) was used with the following 2-step temperature protocol: phase 1: 95 ° C for 3 min for enzyme activation, and phase 2: 50 cycles at 95 ° C for 15 s (denaturizing) and 60 ° C for 10 s (annealing and extension).
The RT-PCR products were run on a 1. 5% Gel-Red (VWR)-stained agarose gel. The band results were compared to a DNA Sizer XII marker (Peqlab, Erlangen, Germany).
Definitions and important time points were used to identify the structures in the prenatal ovary. Similar observations were described, among others, in sheep by Sawyer et al. [2002] and in bovines by Burkhart et al. [2010] and van den Hurk et al. [1995] . Additionally, the following development observations and important time points were described in the earlier studies of Kenngott et al. [2013] during the development of bovines:
• Germ cell nests/groups: 'Groups of oogonia lying directly under the incomplete basal lamina of the multilayered surface epithelium. They are surrounded and intermingled by mostly longitudinally elongated and thin somatic cells. The germ cell nests are separated by stromal tissue.' • Germ cell cords: 'The first step in the development of the germ cell cords is elongation of germ cell nests/groups. The basal lamina of the surface epithelium is in continuous connection with the basal lamina of the germ cell cords. On the end of the cords primordial follicles are separated which were enclosed by a basal lamina.' • Tubular-like structures: 'Tubular-like structures are located in the medulla or on the end of the germ cell cords and enclose an irregularly single to multilayered epithelium. The epithelium cells sit on a continuous basal lamina.' • In line with Mosimann and Kohler [1990] , atretic follicles are characterized by shrunken oocytes and disaggregation of the granulosa cell layers.
Results
The expression pattern of the different antibodies is summarized in table 3 . The negative controls produced no immunostaining. The positive tissue controls showed 
Expression of Cytokeratins (K5, K7, K8, K14, K18, and K19)
The surface epithelium of the developing fetal bovine ovary expressed K5 from a CRL of 7.4-74.0 cm ( fig. 2 a) . The staining intensity of the ovarian surface epithelium for CRL of 34.0-74.0 cm was stronger compared to the earlier stages. A distinct expression of K5 was found in multilayered epithelial areas ( fig. 2 d) , whereas K5-negative cells occurred in epithelial areas, which consisted of only few cell layers ( fig. 2 a) . During later stages of development (from a CRL of 74.0 cm onwards), only weak staining for K5 was found in surface epithelium cells ( fig. 2 e) . Ovarian medulla polygonal stroma cells were completely negative for K5 at all investigated stages. Likewise, round-to-oval PGC, i.e. oogonia and oocytes, showed no reaction to K5. From 7.4 cm onwards, PGC and oogonia were arranged in nests [Kenngott et al. 2013] , surrounded by or intermingled with K5-positive, elongated, thin cells. K5 protein-positive cells could be observed within the germ cell cords. The expression intensity of K5 protein-positive cells in the surface epithelium as well as in the elongated, thin cells near the germ cell nests significantly exceeded the staining intensity of K5-positive cells within the germ cell cords. From a CRL of 15.8 cm onwards, oocyte-pregranulosa groups budded off from the free ends of the germ cell cords [Kenngott et al., 2013] . The granulosa cells of these groups showed expression of the K5 protein in their cytoplasm ( fig. 2 b) . The follicle cells of primordial and primary follicles mostly expressed K5 sporadically and with different cytoplasmstaining intensities ( fig. 2 c) . K5 immunostaining was weaker in secondary-and tertiary-follicle granulosa cells. In the rete ovarii epithelium or rete-associated tubular structures, no expression of K5 could be observed.
The K7 expression pattern was confined to only few cells of the surface epithelium up to 74.0 cm, which showed varying staining intensities ranging from weak to strong positive immunostaining. Furthermore, only few cells lying within the germ cell nests, directly under the surface epithelium or in the germ cell cords, expressed K7 up to a CRL of 58.0 cm ( fig. 2 f) .
K8 expression was strongly positive in the surface epithelium cytoplasm of all investigated stages up to a CRL of 74.0 cm ( fig. 2 g, h) . For CRL of 74.0-94.0 cm, it showed merely weak (only in single cells) or negative staining for K8. Furthermore, germ cell nest and germ cell cord pregranulosa cells expressed K8 intensively up to at CRL of 58.0 cm, with a significantly decreasing staining intensity during later developmental stages. Strong immunostaining for K8 was detected in primordial-and primary-follicle cells at all investigated stages ( fig. 2 i, j) , whereas K8 expression diminished in later-follicle-stage granulosa cells. Cortex and medulla spinocellular stromal cells were negative for K8.
The expression pattern of K14 in the surface epithelium and germ cell nest and cords was very similar to that of K5, but the staining intensity was generally more intense compared to K5 immunostaining. K14 expression could be observed in follicle cells with different intensities. No staining for K14 could be observed in the rete ovarii, and none was seen in tubular-like structures.
A special expression pattern was found using an antibody against K18. The cytoplasm of the multilayered elongated surface epithelium cells was mostly strongly positive ( fig. 2 k, l) . In the monolayered epithelium, K18-positive and K18-negative epithelium cells could be observed. Shaped like the K18-positive surface, epithelium cells were interspersed between the negative cells in the germ cell nests. Furthermore, small elongated K18-positive somatic cells built the outer layer of the germ cell cord wall lying longitudinally directly beneath the basal lamina [Kenngott et al., 2013] ( fig. 2 m, n) . By the time the pregranulosa oocyte aggregates detach from the germ cell cord blind end [Kenngott et al., 2013] , primordialand primary-follicle cells show a distinct to strong expression of K18. Even in later developmental stages, now with existing follicles of all stages (primordial, primary, secondary, and tertiary follicles exist), multilayered granulosa cells as well as the somatic cells of the remaining germ cell cords expressed K18 ( fig. 2 o, p) . Additionally, granulosa cells of all follicle stages were distinctly immunostained for K18 ( fig. 2 q, r) . In multilayered follicles, the K18 expression was strongest in basal and follicular lying follicle cells. No positive immunostaining for K18 protein was found in tertiary-follicle theca interna and externa. Rete ovarii epithelial cells consistently expressed K18.
Ovarian surface epithelium expressed K19 distinctly, staining the whole cytoplasm ( fig. 2 s) up to a CRL of 58.0 cm. The germ cell cord somatic cells also showed distinct K19 expression, whereas the germ cells were always negative ( fig. 2 s) . Granulosa cells were characterized by a different expression intensity in primordial and primary follicles with punctual K19 staining ( fig. 2 t) in some granulosa cells. Many unstained follicular cells could also be observed. No K19 staining was detected in more advanced follicular stages. The rete ovarii remained unstained at all ovary development stages.
Expression Pattern of Vimentin
The surface epithelium as well the as pregranulosa cells in the germ cell nests and germ cell cords did not show any immunostaining for vimentin. The germ cells in the germ cell nest were negative for the antibody against vimentin. Vimentin staining was found in the cortex stromal cell cytoplasm. The staining appeared to be more intense in the cytoplasm of stromal cells, which were located immediately beneath the surface epithelium or between the germ cell cords (compared to other areas of the cortex). A strong expression of vimentin was found in the fetal ovary tunica albuginea from a CRL of 90.0 cm onwards. Single punctual vimentin expression was seen in the follicle cell cytoplasm on the end of the cords where the primordial follicles broke down [Kenngott et al., 2013] . Vimentin-positive staining could be observed in later stages (from 58.0 cm onwards) within the multilayered granulosa cell layer. Especially the basally located granulosa cell cytoplasm (weak expression) and the inner layer of the follicular cells (of early tertiary and antral follicles as well as corona radiata cells) were distinctly stained by the vimentin antibody. The remaining granulosa cells showed a weaker/negative selective vimentin expression in their cytoplasm. Additionally, no vimentin-positive staining could be observed either in theca cells or in the oocyte cytoplasm of any follicle stage. for K8 was detected in the follicular cells of primordial as well as primary follicles. Scale bars = 50 μm. Antibody against the K8 protein. k , l Characteristic expression pattern for the antibody against K18 seen in all investigated developmental stages. k Section of the whole ovary cortex and partially of the medulla of a fetus with a CRL of 15.8 cm. Intensive staining of the surface epithelium cells and the somatic cells of the germ cell cords is visible. The oogonia and oocytes (at the end of the germ cell cords) show no reaction to the antibody against K18. Scale bar = 80 μm. Antibody against the K18 protein. l Section of the surface epithelium and cortex of a fetus with a CRL of 15.8 cm. The multilayered surface epithelium shows a strong positive reaction to the K18 protein in the cytoplasm. Scale bar = 50 μm. Antibody against the K18 protein. m , n Section of the germ cell cords in the cortex of a fetus with a CRL of 15.8 cm. K18-positive somatic cells build the wall of the germ cell cords. Note the K18-negative germ cells as well as the negative stroma outside the germ cell cords. Also, the germ cells within the cords were completely negative for the antibody against K18. Scale bars = 50 μm ( m ) and 20 μm ( n ). Antibody against the K18 protein. o , p Section of the germ cell cords in the cortex of a fetus with a CRL of 57.6 cm. The cytoplasm of surface epithelium cells, the somatic cells of the germ cords, and the granulosa cells of detaching follicles were always strongly positive for the antibody against K18. The stroma between the germ cell cords and the follicles was negative for the antibody against K18. Scale bars = 50 μm. Antibody against the K18 protein. q , r Section of the cortex of a fetus with a CRL of 90.0 cm. In prenatal ovaries from later developmental stages, the cytoplasm of the follicles presented an ongoing strong expression of K18 in the cytoplasm. Note the strong K18 expression of the secondary follicle cells for a CRL of 90.0 cm. The developing theca cells were negative for the antibody against K18. Scale bars = 50 μm. Antibody against the K18 protein. s Section of the cortex of a fetus with a CRL 15.8 cm. K19 expression can be observed in the surface epithelium cells as well as in somatic cells of the germ cell cords. Scale bar = 100 μm. Antibody against K19. t Section of the cortex of a fetus with a CRL of 21.0 cm. Selective staining for K19 in the cytoplasm of primordial and primary follicles. Scale bar = 50 μm. Antibody against K19. 
Expression Pattern of ALPI, OCT4, and DDX4
In this study, we used an antibody against calf intestinal AP (ALPI; compare used antibody). The positive tissue control (bovine intestine) showed distinct immunostaining of the expected cells and tissue areas.
The expression pattern of ALPI was concentrated in early germ cells. The strongest staining intensity was seen in the polygonal to round PGC predominantly located in the surface epithelium (up to a CRL of 58.0 cm). A weaker ALPI reaction was seen in single, more voluminous, round oogonia of germ cell nests from earlier ovary stages ( fig. 3 a) . Oocytes showed no ALPI expression during the later developmental phases (from a CRL of 15.8 cm onwards). Oct-3/4 protein was expressed in germ cells, located within the surface epithelium, as well as in oogonia/oocytes, enclosed in germ cell cords. The number of Oct-3/4-positive germ cells within the surface epithelium ascended to a CRL of 58.0 cm. Immunostaining for Oct-3/4 increased from nonatretic primordial to secondary follicles, usually characterized by intensive staining of the cytoplasm of oocytes ( fig. 3 b-d) . Selective expression of Oct-3/4 was observed in the nuclei of some oocytes. No reaction to Oct-3/4 was seen in the medulla or in medulla-associated structures. In atretic follicles (mostly seen from a CRL of 58.0 cm onwards in secondary to tertiary follicles), no reaction to Oct-3/4 could be detected.
In germ cell cytoplasm, the DDX4 protein was perceived during all stages of prenatal germ cell development (PGC in the surface epithelium, oogonia in the germ cell cords, follicular oocytes; fig. 3 e, f). Only the intensity of DDX4 expression varied at different germ cell stages, being distinctly stronger in the oocyte cytoplasm compared to PGC located within the surface epithelium as well as in oogonia within the germ cell cords. In general, the intensity of immunostaining increased in the oocyte cytoplasm of healthy primordial to primary follicles in the investigated developmental stages ( fig. 3 g, h) . The perinuclear cytoplasm showed especially intensive staining for DDX4 in single primary-and secondary-follicle oocytes. Frequently shrunken DDX4-negative oocytes of primary to tertiary follicles were seen at later developmental stages . No reaction to DDX4 was observed in cortical and medulla stroma cells or in rete/tubular-like structures. An overview of the expression pattern of the used germ cell markers in the developing prenatal ovary is shown in table 4 .
Immunostaining of S100 Beta and S100 Alpha Immunohistochemical analysis with the antibody against S100 alpha yielded a characteristic distribution pattern ( fig. 3 m) . A distinct S100 alpha expression could be detected in the follicle cell whole cytoplasm of some primordial, primary, and secondary follicles ( fig. 3 n) . Additionally, S100 alpha staining could be observed in the oocyte cytoplasm at different follicle stages ( fig. 3 o, p) . In tertiary follicles, the basally lying cells showed a positive reaction to the antibody against S100 alpha. At later developmental stages, the S100 alpha staining of healthy oocytes (mostly of primordial and primary follicles) was weaker compared to that of S100 beta.
Immunohistochemical analysis with the antibody against S100 beta yielded a slightly different distribution Fig. 3 . a-p Immunohistochemically stained serial sections of various prenatal ovaries showing an overview of different expression patterns of ALPI, Oct-3/4, DDX4, and S100 beta as well as S100 alpha in prenatal bovine ovaries during different developmental stages. The cortex (c) and medulla (m) are labeled for orientation. a Section of the surface epithelium and the peripheral cortex of a fetus with a CRL of 34.0 cm. Expression of ALPI is seen within the surface epithelium (arrow). Scale bar = 50 μm. Antibody against ALPI. b Section of the cortex of a fetus with a CRL of 44.0 cm. Oct-3/4 signals can be observed in the oocytes in primordial and primary follicles (arrow) lying adjacent to the surface epithelium. Scale bar = 50 μm. Antibody against Oct-3/4. c , d Section of the cortex of fetuses with CRL of 94.0 and 90.0 cm. Oct-3/4 expression was detected in the cytoplasm of oocytes at different nonatretic follicle stages. Scale bars = 50 μm. Antibody against Oct-3/4. e Section of the cortex of a fetus with a CRL of 15.3 cm. The PGC located in the surface epithelium as well as the oogonia of germ cell nests and germ cell cords (arrow) stained positive for DDX4. Scale bar = 80 μm. Antibody against DDX4. f Section of the cortex of a fetus with a CRL of 72.5 cm. Note the strong DDX4-positive reaction in the oocytes of primordial and primary follicle stages. There are also DDX4-negative atretic follicle oocytes. Scale bar = 100 μm. Antibody against DDX4. g Section of the surface epithelium and cortex of a fetus with a CRL of 72.5 cm. DDX-positive germ cells can be observed in the remaining germ cell cords. Note the positive oocytes of primary follicles (arrows). Scale bar = 50 μm. Antibody against DDX4. h Section of the surface epithelium and cortex of a fetus with a CRL of 90.0 cm. Note the increased staining intensity for DDX4 in the cytoplasm of different follicle stages. Scale bar = 50 μm. Antibody against DDX4. i Section of the cortex of a fetus with a CRL of 15.30 cm. Note the S100 beta expression in the oogonia cytoplasm in the prenatal bovine ovary germ cell cords. Scale bar = 50 μm. Antibody against S100 beta. j-l Section of the cortex of fetuses with CRL of 66.0, 52.0, and 74.0 cm. Strong specific S100 beta expression was observed in the germ cell cytoplasm and nuclei, oogonia, and oocytes of different bovine ovaries follicle stages. Scale bars = 150 μm ( j ), 10 μm ( k ), and 50 μm ( l ). Antibody against S100 beta. m Section of the cortex of a fetus with a CRL of 31.0 cm. S100 alpha-positive granulosa cells can be seen in primordial follicles detaching from the end of the germ cell cords. Scale bar = 50 μm. Antibody against S100 alpha. n , o Section of the cortex of fetuses with CRL of 58.7 and 74.0 cm. In the cortex of the prenatal bovine ovary, granulosa cells of different follicle stages show positive results for the antibody against S100 alpha in their cytoplasm. Furthermore, note the S100 alpha-positive cytoplasm of oocytes. Scale bars = 100 μm ( n ) and 50 μm ( o ). Antibody against S100 alpha. p Section of the cortex of a fetus with a CRL of 90.0 cm. Note the strong S100 alpha-positive expression in granulosa cells and the S100 alpha cytoplasm staining of nonatretic oocytes. Scale bar = 50 μm. Antibody against S100 alpha. pattern. At early stages of development, a weak expression of S100 beta was seen in the germ cells of germ cell cords ( fig. 3 i) . The staining intensity within the primordial-and primary-follicle oocytes became stronger in older fetuses (from a CRL of 21.0 cm onwards), and the nuclei as well as the cytoplasm showed positive immunostaining with the antibody against S100 beta ( fig. 3 j-l) . The oocytes of nonatretic secondary and single tertiary follicles were distinctly stained with the antibody against S100 beta at later stages (from 58.0 cm CRL onwards). Shrunken S100 alpha-and S100 beta-negative oocytes of primary to tertiary follicles were often seen at later developmental stages (CRL 58.0-94.0 cm).
Usually, antibodies against S100 alpha as well as S100 beta do not react in surface epithelium, stroma, or rete ovarii. Vessel endothelium cells, however, demonstrated intensive S100 beta and S100 alpha expression. An overview of the S100 alpha and S100 beta staining pattern in the developing prenatal ovary is shown in table 5 .
RT-PCR of LAM Prenatal Ovary Tissue Samples
In the prenatal LAM tissue, a specific lane for the KRT8 and KRT18 transcript could be seen exclusively for surface epithelium cells. Additionally, specific lanes could be detected for the amplification products KRT8 and KRT18 in the somatic cells of germ cell cords as well as in the isolated follicular cells ( fig. 4 a) . Vimentin expression was detected in the stroma directly under the surface epithelium and in the medulla stroma cells at all stages ( fig. 4 a) . The germ cells of the cords as well as the oocytes showed the presence of RNA transcripts of DDX4 and OCT4 ( fig. 4 b) . Furthermore, specific lanes for S100 alpha and S100 beta could be found exclusively in the microdissected germ cell of the cords ( fig. 4 a) and the follicle oocytes ( fig. 4 b) . Not significant or not distinct band for K8, K14, K18, or K19 could be observed ( fig. 4 b) in the microdissected rete cells of all investigated developmental stages. An overview of the specific amplification products expressed in the LAM cell populations of prenatal ovaries is shown in table 6 . 
Discussion
The general steps of the development of the fetal ovary have been described in different species such as bovines [van den Hurk et al., 1995; Burkhart et al., 2010; Kenngott et al., 2013] , sheep [Sawyer et al., 2002] , mice [Appert et al., 1998 ], and humans [Loffler et al., 2000] . In our study, the following Ks expression in prenatal bovine ovaries, could be observed: Ks were clearly detectable in the surface epithelial cell cytoplasm of the fetal bovine ovary from a CRL of 7.4 cm to a CRL of 58.0 cm (K19), to a CRL of 74.0 cm (K5, K7, K8 and K14), and to a CRL of 94.0 cm (K18), respectively. The presence of K8, K18, and K19 has already been reported in the coelomic epithelium of the gonad anlage of the mouse [Appert et al., 1998 ]. Our negative results for the investigated Ks in the cortex/medulla stroma cells are in agreement with the data of a previous study by Hummitzsch et al. [2013] . An interesting observation in our study is the strongly reduced or negative expression of K19 in the surface epithelial cells from a CRL of 58.0 cm onwards and of several other Ks (K5, K7, K8, and K14) from a CRL of 74.0 cm onwards. This is in striking contrast to the persistent K18 expression in the surface epithelium up to the latest fetus used in our study with a CRL of 94.0 cm. The strongest K expression was usually seen in the multilayered areas of the surface epithelium. The cytoplasm of somatic germ cell cord cells showed a varying staining intensity, whereas in the single-layered surface epithelium regions K-negative cells could be regularly detected, intermingled with distinctly positive cells. These findings complement the earlier results of previous studies [Sawyer et al., 2002; Burkhart et al., 2010; Kenngott et al., 2013] showing that open germ cell cord connections with the surface epithelium play an important role in the possible recruitment of somatic cells from the surface epithelium. Like Spanel-Borowski [2010], we assume that K-positive somatic sex cord cells are derived from K-positive surface epithelium. van den Hurk et al. [1995] also described positive K immunostaining in ovarian surface epithelium as well as in epithelial cord cells. Hummitzsch et al. [2013] also detected ovigerous cords composed of K18/19-positive gonadal Table 5 . Expression pattern of the antibodies against S100 alpha and S100 beta Expression pattern of the antibodies against: S100 alpha S100 beta In the tertiary follicles, we detected K18 staining mainly in the basal and follicular area. Loffler et al. [2000] detected expression of Ks in most primordial-and primaryfollicle cells, with no expression in the granulosa cells of growing multilayered follicles. In adult human and cow ovaries, Spanel-Borowski [2010] described a reduction of K expression in growing preantral follicles, whereas in antral follicles the basal follicular cells expressed K again. We found many DDX4-positive oogonia/oocytes in the dominant germ cell cords during the early developmental period but no DDX4-positive oocytes in the rete of bovine ovaries. Byskov and Lintern-Moore [1973] depicted oocytes within the fetal mouse rete ovarii. In our investigation, tubular-like structures/rete ovarii were often located near germ cell cords, being negative for all investigated Ks except for K8/18 staining. Furthermore, Hummitzsch et al. [2013] found no morphological signs that the rete ovarii is involved in or influenced by the follicle formation. Based on the established expression pattern of the investigated Ks in surface epithelium cells, mainly in the multilayered areas, the somatic cells of the germ cell cords, and in the follicular cells of developing follicles, our data support the hypothesis [Everett, 1943; Motta and Makabe, 1982; Hummitzsch et al., 2013] that the surface epithelium can be regarded as the main origin of follicular cells. The mostly K-negative reaction (with the exception of a K8/18 protein expression) and not significant RT-PCR amplification products for K8, K14, or K18 in rete ovarii cells as well as the tubular-like structures also support this hypothesis. The strong staining for the different Ks could be observed mostly in the multilayered epithelium during the developing phase when germ cell cords are established. The expression of Ks in the surface epithelium also decreased (except for K18) during the developmental stages, with a less frequent occurrence of germ cell cords. Hummitzsch et al. [2013] supposed that some mesonephric surface epithelium cells change phenotype into GREL cells (among others, positive for cytokeratin 18/19), proliferate, and are intermingled by PGC. The underlying mesonephric surface basal lamina breaks down, following penetrating stroma from ovigerous cords (GREL cells together with germ cells) [Hummitzsch et al., 2013] . The positive Ks expression pattern, mainly in the (multilayered) surface epithelium, the germ cell cords, and the forming follicles in the bovine prenatal ovary, support the theory of Hummitzsch et al. [2013] . On the other hand, we cannot completely exclude the involvement of rete cells in follicular cell building because of the common expression of K8/18 staining in the surface epithelium, in follicular cells, and in the rete/tubular-like structure. On account of their K19 results and the close association of the rete and the sex cords, Loffler et al. [2000] supposed a double origin of the rete and the sex cord follicular cells. Further, in line with Hummitzsch et al. [2013] , we cannot exclude that the rete ovarii could play a role in fetal or adult ovary paracrine regulation.
Furthermore, our results show that all investigated Ks are present in the various structures of the prenatal ovary in different manners, but only K18 yields a specific and disruptive expression pattern in specific ovarian tissue like the surface epithelium, the germ cell cords, and the developing follicle stages. In the adult bovine ovary, this result is similar to those of Wendl et al. [2012] . The expression pattern of the different Ks during ovary development confirms the results of Appert et al. [1998] Appert et al. [1998] assumed (in the mouse), along with Fridmacher et al. [1992] (in the rat), that K19 displays a development-dependent expression profile during ovary differentiation. The ongoing expression of K18 can be a specific event during differentiation of the prenatal bovine ovary as described in the testicular differentiation of the rat [Appert et al., 1998; Fridmacher et al., 1992] .
In the ovary, positive vimentin staining has been observed in follicular cells lying in close contact to the follicular fluid [Czernobilsky et al., 1985; Santini et al., 1993; van Wezel et al., 1999] . Elongated granulosa cells with oblongated nuclei are suspected to undergo apoptosis [van den Hurk et al., 1992 [van den Hurk et al., , 1995 . On the other hand, van den Hurk et al. [1995] also discovered elongated vimentin-positive granulosa cells with a round nucleus in nonatretic follicles. We found positive vimentin protein staining in the stromal cells of the ovary where, in line with van den Hurk et al. [1995] , the bovine prenatal surface epithelium was negative for the vimentin protein at all investigated stages. In contrast, Santini et al. [1993] detected vimentin expression in ovarian surface epithelium. In agreement with van den Hurk et al. [1995] , we localized a distinct positive reaction to the vimentin protein and amplification product in stroma cells underneath the surface epithelium and in the endothelium of blood vessels (immunohistochemistry) and stroma cells between the germ cell cords (immunohistochemistry). Similar to the study of van Wezel et al. [1999] , in the adult ovary we detected a weak expression of vimentin in basally located follicular cells, a reduced or negative expression in intermediary-follicle cells, and distinct cytoplasmic staining in the follicular cells of tertiary follicles in the ovaries of fetuses with CRL of 58.0-94.0 cm. Follicular cells of the cumulus oophorus [in line with van Wezel et al., 1999] and corona radiata cells are strongly vimentin positive in prenatal ovaries. In the study of van den Hurk et al. [1995] , the more peripheral follicular cells of the secondary and smaller antral follicles expressed vimentin but were negative in larger antral follicles while corona radiata cells were positive. van den Hurk et al. [1995] supposed that vimentin expression is correlated with mitosis, atresia, and intercellular activities in granulosa cells. Our earlier study [Kenngott et al., 2013] showed a low mitotic rate in somatic cells within the germ cell cords. This may be associated with the negative or weak vimentin-stained somatic cord cells in this study. In the same investigations of Kenngott et al. [2013] , a substantial increase in the number of Ki-67-positive granulosa cells, confined to later follicle stages, was described in the prenatal ovary from a CRL of 58.0 cm onwards [Kenngott et al., 2013] . These results can correlate with vimentin-positive ovary granulosa cells of nonatretic follicles from a CRL of 58.0 cm onwards in the investigated sections.
Germ cells in the bovine fetal ovary are immunohistochemically visualized using antibodies against Oct-3/4, DDX4, and ALPI. Germ cells can be additionally identified by their characteristic morphology as described by Witschi [1948] in humans and Wrobel and Suss [1998] and Kenngott et al. [2013] in the prenatal bovine ovary. OCT3/4 are detected in early oocytes in the human ovary but become negative in germ cells during folliculogenesis [Stoop et al., 2005] . Hummitzsch et al. [2013] detected a nuclear OCT3/4 expression in PGC and inconsistent OCT3/4 staining in oogonia as well as follicular oocytes. Stoop et al. [2005] concluded that pluripotency is irreversibly lost by germ cells reaching meiosis and interacting with follicular cells. In contrast to these results, we found healthy oocytes of different follicle stages and various prenatal development phases displaying distinct cytoplasmic immunostaining for Oct-3/4. This agrees with results in the mouse, where OCT3/4 expression in oocytes is regularly found after completion of the prophase of meiosis I [Pesce et al., 1998 ].
Wrobel and Suss [1998] described AP-positive cells in early embryos not only as preliminary stages of the PGC but also as pluripotent hematopoietic stem cells. Therefore, for localization of PGC in our study we used the ALPI protein as a marker for PGC; AP in humans has been shown, among others, to be expressed in PGC, some primary oocytes, and the theca of Graafian follicles during the early gestation period [Pinkerton et al., 1961] . We found that, in the fetal bovine ovary, ALPI expression is usually confined to PGC located within the surface epithelium and to oogonia of the germ cell nest and germ cell cords, which is in agreement with the findings of Stoop et al. [2005] that showed the highest AP expression in cortex PGC with decreasing intensity with increasing age. In addition, in humans, Garattini et al. [1985] could show that human placental AP is also present in the liver and intestine. In our study, we could show that ALPI (compare antibody) is specifically expressed in the early germ cells of prenatal bovine ovaries. In line with Castrillon et al. [2000] , Stoop et al. [2005] , and Hummitzsch et al. [2013] , we found DDX4 expression in the cytoplasm of oogonia and oocytes. Hummitzsch et al. [2013] described DDX-positive oogonia as well as oocytes. In agreement with Castrillon et al. [2000] and Stoop et al. [2005] , the expression intensity of DDX4 was stronger in oocytes compared to earlier germ cells. In our investigation, the expression intensity increased in the nonatretic oocytes of primordial and primary follicles at the investigated stages, and also a specific amplification product for DDX4 could be found in microdissected prenatal oocytes. We could also confirm the observation of Hickford et al. [2011] that a strong DDX4-positive perinuclear body occurs in some oocytes. In humans, the circumscribed DDX4-positive area in germ cells was identified as the Balbiani body [Albamonte et al., 2008] , a temporary local aggregation of various cell organelles, like mitochondria and ribosomes, which are found in the germ cells of many vertebrates. In agreement with Hickford et al. [2011] , we suppose that the DDX4 protein is necessary for germ cell proliferation and differentiation. In line with the findings of Stoop et al. [2005] in the human ovary, we think DDX4 can be a useful marker for intact germ cells at all stages of fetal ovary development. Our findings clearly demonstrate an overlapping expression pattern of the 3 investigated germ cell antibodies during the prenatal development of ovaries. These results are in agreement with Kerr et al. [2008] , who described coexpression of different pluripotent stem cell markers during early germ cell development. In addition to our immunohistochemical data, RT-PCR confirmed the expression of mRNA for DDX4 and OCT4 in oocytes isolated by LAM.
A further interesting finding is the different expression of S100 alpha and beta in the germ cell cords and oocytes of prenatal ovaries. S100 beta was found in germ cells of cords and nonatretic oocytes with an increasing staining intensity in bovine fetuses with a CRL of up to 94.0 cm. Immunostaining for S100 beta could be observed in the nuclei and cytoplasm of oocytes in primordial, primary, and later follicle stages (in fetuses with a CRL above 58.0 cm). Negative oocytes could also be detected. In the follicle cells, S100 alpha expression could be frequently observed in the granulosa cells of primordial to secondary follicles as well as in the basally lying tertiary follicles cells. Additionally, staining of the cytoplasm of oocytes of different follicle stages could be seen. Further specific PCR products for S100 alpha and S100 beta could be detected in the microdissected oocytes. S100 has previously been found in human oocytes and granulosa cells of primordial follicles [Haimoto et al., 1987] as well as in germ cell cords and bovine follicle oocytes and the follicles of prenatal ovaries [Kenngott et al., 2013] . In the present study, we found that S100 beta was much more prominent in oocytes than S100 alpha, while oocytes of atretic follicles were negative for both.
